INTRODUCTION {#sec1-1}
============

Ample evidence has indicated that disturbances in intracellular calcium homeostasis (ICH) play an important role in the pathophysiology of bipolar disorder (BD) ([@ref1][@ref2][@ref3]) and may be relevant to the altered neuroplasticity and cellular adaptation observed in this disease ([@ref4]). The mechanism underlying disturbances in calcium homeostasis in BD has not been fully elucidated, although recent findings have suggested a role for a family of nonselective calcium channels known as transient receptor potential (TRP) channels ([@ref5][@ref6]). Among the members of TRP family, much attention has been given to the subtypes canonical 3 (TRPC3) and melastatin 2 (TRPM2) in the pathophysiology of BD. TRPC3 is probably involved in the increased response to lysophosphatidic acid-stimulated calcium flow dynamics in B lymphoblast cells (BLCL) from patients with BD ([@ref5]). Chronic treatment with therapeutic concentrations of lithium were found to decrease TRPC3 protein levels in BLCL from patients with BD more than in healthy individuals ([@ref7]). Linkage studies in humans have identified one of the susceptibility loci for BD on chromosomal region 21q22.3 ([@ref8]), where the TRPM2 gene has been mapped ([@ref9]). A significant correlation has also been shown between the observed calcium imbalance in BLCL from patients with BD and a single nucleotide polymorphism on intron 19 of the TRPM2 gene ([@ref10]). Furthermore, a significant decrease in TRPM2 mRNA levels was observed in BLCL from patients with BD who had high basal intracellular calcium levels ([@ref6]).

Mood stabilizers such as lithium and valproate are the main drugs for the treatment of BD, and the modulation of ICH has been proposed to form part of their therapeutic action. Both drugs modify calcium signaling and homeostasis in neuronal cell models and in unexcitable cells. Chronic treatment with lithium decreased calcium influx through the N-methyl-D-aspartate receptor in neuronal cell culture ([@ref11]). Lithium also decreased basal and agonist-stimulated calcium levels in a variety of cell lines such as astrocytes ([@ref12]), C6 glioma cells ([@ref13]), and rat GH3 pituitary cells ([@ref14]). Furthermore, chronic but not acute treatment of BLCL from patients with lithium at therapeutic concentrations attenuated calcium entry by lysophophatidic acid (an index of receptor-operated calcium entry) or thapsigargin (an index of store-operated calcium entry) ([@ref15]). Other reports indicated that sodium valproate regulated agonist-stimulated calcium responses in rat C6 glioma cells ([@ref16]) and human platelets ([@ref17]). Valproate affects cellular components related to calcium signaling such as protein kinase C and calcium/calmodulin-dependent protein kinase II ([@ref4][@ref18]). These findings suggest the potential importance of modifications in ICH disturbances in the mechanism of action of this mood-stabilizing drug.

Considering the role of TRPC3 and TRPM2 channels in the ICH disturbances and pathophysiology of BD, it can be hypothesized that mood stabilizers modify ICH through their effects on these channels. The few relevant studies published to date tested the effect of lithium (but not valproate) on TRPC3 and TRPM2 in BLCL ([@ref7]) and human olfactory neuroepithelial-derived cell lines ([@ref19]). Therefore, this study was designed to evaluate the *in vivo* effects of lithium and sodium valproate on the expression of TRPC3 and TRPM2 channels in the rat cerebral cortex.

MATERIALS AND METHODS {#sec1-2}
=====================

 {#sec2-1}

### Animals {#sec3-1}

All animals were handled in accordance with guidelines for animal care and with the approval of the Ethics Committee of Shiraz University of Medical Sciences. Male Sprague-Dawley rats (200-250 g) were kept for 1 week before the beginning of the study to allow them to acclimate to their new environment. They were housed in a room with 12 h light/dark cycles at 22 ± 2 °C. Animals had free access to water and food throughout the study.

### Experimental design and dosing regimens {#sec3-2}

A pilot study was conducted to determine the appropriate dose of lithium and valproate for both acute and chronic treatments, in order to reach clinically relevant serum concentrations of each drug (0.5-1.2 mEq/L for lithium and 50-100 μg/ml for valproate) ([@ref20]).

### Acute treatment {#sec3-3}

Thirty-six rats were randomly allocated to three groups (12 animals per group) to receive lithium chloride, sodium valproate or normal saline (control group) for 24 h. Based on the pilot study, the rats were given a single intraperitoneal (i.p.) injection of lithium chloride (10 mEq/kg), sodium valproate (500 mg/kg) or normal saline (2.5 ml/kg) as a loading dose, followed by two i.p. injections of 2 mEq/kg lithium, 300 mg/kg valproate or 2.5 ml/kg normal saline in 24 h ([@ref21]).

### Chronic treatment {#sec3-4}

Thirty-six rats were randomly assigned to three groups (12 animals per group). Based on the pilot study, the rats were given lithium chloride (2 mEq/kg), sodium valproate (300 mg/kg) or normal saline (2.5 ml/kg) by i.p. injection twice a day for 4 weeks ([@ref22]). Rats in the lithium treatment group were provided access to normal saline to compensate for the potential renal toxicity of lithium.

### Preparation of animal blood samples and cortices {#sec3-5}

The animals were anaesthetized by chloroform 2 h after their last injection. Heart blood was collected and serum was separated and stored at −20 °C to measure drug levels. Immediately after blood samples were obtained, the animals were killed by neck dislocation and the whole brain was removed from the skull. The cortex was immediately dissected on ice ([@ref23]) and stored at −80 °C until the use.

### Determination of lithium and valproate serum levels {#sec3-6}

Drug serum levels were measured to ensure that the drugs had reached the relevant therapeutic serum levels. Flame photometry was used to measure the serum levels of lithium chloride, and gas chromatography was used for sodium valproate.

### Western blotting {#sec3-7}

Western blotting was used to determine TRPC3 and TRPM2 protein levels in the rat cerebral cortex according to standard protocols ([@ref24]) with some modifications. Briefly, 100 mg the cortex tissue was homogenized in NP-40 lysis buffer for 30 s at 4 °C with a homogenizer (Eberbach Corporation, Ann Arbor, MI, USA). After centrifugation at 11000 × g and 4 °C for 20 min, the supernatant was used to determine total protein concentration with the Bradford method ([@ref25]). Lysate containing 20 μg of total protein was mixed with Laemmli sample buffer (1:1), heated to 95 °C for 3 min and applied to a polyacrylamide gel (4% stacking and 7.5% resolving gels), and then blotted onto nitrocellulose membranes (GE Healthcare, Little Chalfont, UK). For immunodetection of TRPC3 protein, the membranes were blocked with 10% bovine serum albumin (BSA) for 1 h at room temperature, incubated with anti-TRPC3 antibody (1:1000) (Abcam, Cambridge, UK) overnight at 4 °C, and then incubated with protein A-horseradish peroxidase (1:1000) (Abcam) for 45 min at room temperature. Immunodetection of TRPM2 was done with a blocking solution of 5% skim milk and 1% BSA for 1 h at room temperature, followed by incubation with anti-TRPM2 primary antibody (1:1000) (Abcam) overnight at 4 °C, and then incubated with horseradish peroxidase-conjugated antibody to the primary antibody (1:10000) (Abcam) for 45 min at room temperature. To detect β-actin as the internal standard, membranes were blocked with 5% skim milk for 1 h at room temperature and then incubated with anti-β-actin antibody (1:10000) (Biolegend, San Diego, CA, USA) overnight at 4 °C. This was followed by incubation with horseradish peroxidase-conjugated antibody to the primary antibody (1:10000) (Abcam) for 45 min at room temperature. The primary and secondary antibodies were diluted in phosphate-buffered saline with Tween 20. An enhanced chemiluminescence kit (GE Healthcare) was used to detect the protein of interest on the membrane, which was then exposed to X-ray film (Kodak, New York, NY, USA). The bands were visualized on X-ray film and converted into digital images with a Packard Scanjet G2710 scanner. The relative optical density of bands was analyzed with ImageJ v1.47 software. All samples were run in duplicate and a common pooled homogenate was loaded on all gels to control for intra-gel variability. The signals of interest were normalized against β-actin (as the internal control) and then normalized against the common pool sample. The results are presented as normalized signal intensity in arbitrary units.

### Real time polymerase chain reaction {#sec3-8}

Real-time polymerase chain reaction (PCR) was used to determine TRPC3 and TRPM2 mRNA levels. Total RNA was extracted from 100 mg of rat cerebral cortex by phenol/chloroform extraction method with TriPure isolation reagent (Roche Applied Science, Penzberg, Germany) according to the manufacturer\'s instructions ([@ref26]). Complementary DNA was synthesized from 1 μg of total extracted RNA with the RevertAid First Strand cDNA Synthesis kit (Thermo Scientific, Waltham, MA, USA) according to the manufacturer\'s guidelines. Gene-specific primer pairs were designed with Primer Express v.2 (Applied Biosystems, Foster City,CA, USA).

The primers for TRPC3 and TRPM2 were designed with an intron-insertion approach, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) primers spanned exon-exon junctions to exclude amplification of genomic DNA.

Real-time PCR was done in triplicate with SYBR Premix Ex Taq II (Takara, Shiga, Japan) to determine TRPC3 and TRPM2 mRNA levels, which were calibrated to GAPDH with the following forward and reverse primers:

For TRPC3: 5′CTGGATTGCACCTTGTACCAGG3′ and 5′GCAGACCCAGGAAGATGATGAA3′; for TRPM2: 5′AAGTTGCCTCAATCCGAGCAC3′ and 5′CAAGGTCTCAAAGGTCACCCA3′; and for GAPDH, 5′CGTGATCGAGGGCTGTTGG3′ and 5′CTGCTTCAGTTGGCCTTTCG3′.

The real time PCR conditions were: 30 s at 95 °C, 40 cycles of 5 s at 95 °C, and 34 s at 60 °C. After amplification, the melting curve was obtained by collecting fluorescence data while the temperature was increased from 60 °C to 95 °C over 1 min.

The mean threshold cycles of the samples were used to calculate expression ratios of experimental groups to the control group.

### Statistical analyses {#sec3-9}

The differences in mean of TRPC3 and TRPM2 normalized intensities among the three groups were analyzed by one way ANOVA followed by Dunnett\'s *t*-test with SPSS software (v.16). The data from western blots are presented as the mean ± SD. Differences between treated and control groups in mRNA expression ratios for TRPC3 and TRPM2 were analyzed with the pair wise and TRPM2 were analyzed with the pair wise fixed reallocation randomization test using REST-384 software (v.2). The data for real-time PCR are expressed as the mean ± SEM of fold change relative to the vehicle group. *P* values less than 0.05 were considered statistically significant.

RESULTS {#sec1-3}
=======

 {#sec2-2}

### Serum concentrations of drugs {#sec3-10}

Lithium serum concentrations were 0.77 ± 0.22 mEq/L (n=12) in acute treatments and 0.83 ± 0.25 (n=12) mEq/L in chronic treatments. The serum concentrations of valproate were 76 ± 10 μg/mL (n=12) in acute treatments and 67 ± 14 (n=12) μg/ml in chronic treatments.

### Characterization of TRPC3, TRPM2, and β-actin immunolabeled proteins {#sec3-11}

In the immunoblots, immunoreactive bands were detected at the expected molecular masses of 97 kDa for TRPC3, 171 kDa for TRPM2, and 42 kDa for β-actin ([Fig. 1](#F1){ref-type="fig"}).

![The linear range of protein detection (r^2^\> 0.90) for A; β-actin, B; TRPC3 and C; TRPM2 versus 10-40 μg of total protein extracted from rat cerebral cortex.](RPS-10-397-g001){#F1}

As shown, there was a linear relationship between the signal intensity of β-actin, TRPC3 and TRPM2 and total protein loaded in the range of 10-40 μg. The within-blot coefficient of variance was 5.3%, and the between-blot coefficient of variance was 7.5%.

### Effects of lithium on TRPC3 and TRPM2 protein levels {#sec3-12}

Acute treatment with lithium decreased TRPC3 protein levels by 3.8% (*P*=0.24) and TRPM2 protein levels by 1.2% (*P*=0.76) in comparison to the control group. However, these changes were not statistically significant (Figs. [2A](#F2){ref-type="fig"} and [2C](#F2){ref-type="fig"}). Chronic lithium treatment significantly decreased TRPC3 protein levels by 19.7% compared to the control group (*P*\<0.001) ([Fig. 2B](#F2){ref-type="fig"}). Chronic lithium treatment did not significantly alter TRPM2 protein level in comparison to the control group (*P*=0.92) ([Fig. 2D](#F2){ref-type="fig"}). Acute (2.7%, *P*=0.10) and chronic (2.4%, *P*=0.22) lithium treatments had no significant effects on β-actin levels compared to the control group.

![Effects of acute and chronic treatment with lithium or sodium valproate versus normal saline on A, B; TRPC3 and C, D; TRPM2 protein levels in rat cerebral cortex. Bar graphs represent the mean ± SD (n=12 per group) of TRPC3/TRPM2 signal intensities normalized against β-actin as an internal control and pooled lysates (arbitrary units). \**P*\<0.05 significantly different compared to vehicle.](RPS-10-397-g002){#F2}

### Effects of valproate on TRPC3 and TRPM2 protein levels {#sec3-13}

Acute treatment with sodium valproate caused slight decreases in TRPC3 (3.5%) (*P*=0.27) and TRPM2 (1.7%) (*P*=0.58) protein levels in the rat cerebral cortex compared to the control group (Figs. [2A](#F2){ref-type="fig"} and [2C](#F2){ref-type="fig"}). The chronic administration of valproate significantly decreased (19.3%) TRPC3 protein levels in the rat cerebral cortex compared to the control group (*P*\<0.001) ([Fig. 2B](#F2){ref-type="fig"}).

Chronic valproate treatment resulted in a small, non-significant decrease in TRPM2 protein levels (0.05%) (*P*=0.94) in comparison to the control group ([Fig. 2D](#F2){ref-type="fig"}). β-actin levels were not significantly changed by acute (1.5%, *P*=0.45) or chronic (1.9%, *P*=0.37) treatment with valproate in comparison to the control group.

### Characterization of TRPC3, TRPM2, and GAPDH mRNA {#sec3-14}

Amplification of TRPC3, TRPM2, and GAPDH cDNA with specific primer pairs yielded single bands on a 2% agarose gel at the expected sizes of 98 bp for TRPC3, 120 bp for TRPM2, and 97 bp for GAPDH. Standard curves of PCR amplification of the three target genes yielded an r^2^ \> 0.99. The efficiency of PCR amplification of TRPC3, TRPM2, and GAPDH was calculated according to the standard curve slopes and were 1.90 ± 0.06 for TRPC3, 1.97 ± 0.09 for TRPM2, and 2.08 ± 0.12 for GAPDH.

### Effects of acute and chronic lithium and valproate treatment on TRPC3 and TRPM2 mRNA levels {#sec3-15}

The acute treatment of rats with lithium or sodium valproate increased TRPC3 mRNA levels in the cerebral cortex by the factors of 1.20 ± 0.5 (*P*=0.52) (lithium) and 1.11 ± 0.42 (*P*=0.66) (valproate) compared to the vehicle. However, the observed changes were not statistically significant. Chronic treatment with lithium and valproate increased TRPC3 mRNA levels by the factors of 1.13 ± 0.39 (*P*=0.45) (lithium) and 1.08 ± 0.40 (*P*=0.59) (valproate) compared to the vehicle, but these changes were not statistically significant ([Fig. 3A](#F3){ref-type="fig"}).

![Effects of acute and chronic treatment with lithium and sodium valproate on mRNA levels of A; TRPC3 and B; TRPM2 in rat cerebral cortex. Bar graphs represent the GAPDH-normalized mean ± SEM of mRNA fold changes relative to vehicle (n=12 per group).](RPS-10-397-g003){#F3}

Acute treatment with lithium increased TRPM2 mRNA levels by a factor of 1.03 ± 0.51 (*P*=0.93) but valproate decreased it by a factor of 1.09 ± 0.44 (*P*=0.84) compared to the vehicle. However, these changes did not reach to a statistical significance. TRPM2 mRNA levels increased nonsignificantly after chronic treatment with lithium (by a factor of 1.08 ± 0.38) (*P*=0.62) or valproate (by a factor of 1.14 ± 0.46) (*P*=0.39) compared to the vehicle ([Fig. 3B](#F3){ref-type="fig"}).

DISCUSSION {#sec1-4}
==========

This study shows that chronic but not acute treatment with lithium or valproate at therapeutically relevant concentrations decreased TRPC3, but not TRPM2 protein levels in the rat cerebral cortex. Neither acute nor chronic treatment with lithium or valproate changed the TRPC3 or TRPM2 mRNA levels. These findings suggest that TRPC3 channels may be a common target of mood stabilizers in modulating disturbed ICH in people with BD.

Levels of TRPC3 protein were significantly decreased after chronic treatment with lithium. In contrast, SY Tong ([@ref27]) found that chronic lithium treatment (1 mM for 12 days) increased TRPC3 protein levels in rat primary cortical neuron cultures under oxidative stress conditions. The discrepancy may be due to differences in experimental designs, especially regarding *in vitro* versus *in vivo* experiments. Interactions between astroglial cells and neurons in an *in vivo* situation should be taken into account when comparing these results to *in vitro* studies. In this connection, astrocyte-neuron interactions have been shown to play a role in regulating ICH ([@ref28]). In addition, the presence of TRPC3 channels and their involvement in store-operated calcium entry have been reported in astrocytes ([@ref29]). Moreover, astrocytes have been shown to be a target of lithium action ([@ref30]). Therefore, it is probable that the effect of lithium in decreasing TRPC3 in this study reflects the overall outcome of its effects on both neurons and astrocytes.

In the present study, chronic treatment with valproate had effects similar to lithium on TRPC3 protein levels. We found no published reports of the effect of valproate on the TRPC3 channel. According to our results, TRPC3 channels seem to be a common target of these two mood stabilizers in terms of their modulatory effects on ICH.

Lithium and valproate did not alter TRPC3 mRNA levels, but decreased TRPC3 protein levels in the rat cerebral cortex, which is in agreement with the study on the effects of chronic lithium treatment in BLCL ([@ref7]). The discordance between changes in protein levels with no effect on mRNA levels was also reported in earlier research on the effects of lithium on bcl-2 protein in rat primary astrocyte cultures ([@ref31]) and on brain-derived neurotrophic factor in the rat frontal cortex and hippocampus ([@ref32]). The findings available to date suggest that the attenuating effect of lithium and valproate on TRPC3 protein is not mediated by their effect at the transcriptional level, but may rather be due to posttranslational modifications or changes in the stability of the TRPC3 protein. Both lithium and valproate are able to degrade some proteins ([@ref33][@ref34]), so further investigations are essential to determine how TRPC3 protein might be post transcriptionally targeted by these mood stabilizers. In the present study, lithium and valproate did not alter TRPM2 protein or mRNA levels in the rat cerebral cortex. In the absence of relevant *in vivo* studies, our findings suggest that TRPM2 may not play a role in the effect of these mood stabilizers on ICH. Conversely, it is possible that mood stabilizers may affect TRPM2 only under stressful conditions such as high intracellular calcium levels or oxidative stress. These conditions have been shown to affect TRPM2 expression in BLCL from patients with BD ([@ref6]) and in rat primary cortical neuron cultures ([@ref35]). In addition, one study reported that treatment with 1 mM lithium for 4 days reduced TRPM2 mRNA and protein levels in human olfactory neuroepithelial-derived progenitor cells under ionic stress induced by monensin ([@ref19]). Therefore, the possibility that lithium and valproate might exert their effects on TRPM2 expression in the context of cellular stresses cannot be ruled out. This possibility should be addressed in future studies designed to examine the effects of lithium and valproate on TRPM2 under stressful conditions such as oxidative stress.

The finding that two structurally dissimilar antimanic agents decreased TRPC3 protein levels to the same extent led to the suggestion that the TRPC3 channel may be a potential common target in ICH modulation ([@ref15][@ref36]). This TRPC3-mediated modulatory effect on ICH may result in the downstream consequences that are related to the mood stabilizing activity of these drugs. The functional consequences of the decrease in TRPC3 protein levels by lithium and valproate could be explained by the following facts: 1) TRPC3 is apparently one of the molecular components of two calcium entry processes, i.e. receptor-operated and store-operated calcium entry ([@ref37][@ref38][@ref39][@ref40]), that are reportedly disturbed in BD ([@ref15][@ref41]). 2) Lithium and valproate have each been shown to modulate these calcium entry processes ([@ref15][@ref36]). Because it has not been possible thus far to measure intracellular calcium mobilization in the rat brain *in vivo*, the functional consequences of decreased TRPC3 protein levels in terms of the modulatory effect of lithium and valproate on ICH should be addressed in future *in vitro* studies.

Disturbances in ICH are associated with decreased neuroplasticity and cellular resilience in BD ([@ref42]). The effect of mood stabilizers on neuroplasticity and neuronal resilience has been proposed to be relevant to their efficacy in treating BD. It is likely that lithium and valproate affect neuroplasticity by blunting calcium influx -- an effect of their ability to decrease TRPC3 protein levels. In this connection, it has been observed that TRPC3 channel knockdown and inhibition by Pyr3 resulted in protection against calcium-mediated cell toxicity in a mouse model of acute pancreatitis ([@ref43]). Hence, a reduction in TRPC3 protein levels by lithium and valproate might be involved in the neuroplastic effect of these drugs in BD.

CONCLUSION {#sec1-5}
==========

Chronic treatment with lithium or valproate at their therapeutic concentrations reduced TRPC3 protein levels in the rat cerebral cortex. This implies that downregulation of the TRPC3 channel may be an important common mechanism by which lithium and valproate modulate calcium disturbances in people with bipolar disorder. Moreover, this downregulation may modify decreased neuroplasticity reported in bipolar disorder. However, lack of effect of lithium and valproate on TRPM2 suggests that this channel may not be involved in the regulation of calcium homeostasis by mood stabilizers, at least under normal conditions.
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